Abstract In this study, commercial biaxially oriented polypropylene (BOPP), polyvinyl chloride (PVC) and poly (methyl methacrylate) (PMMA) films were treated with nitrogen plasma over different exposure times in a Pyrex tube surrounded by a DC variable magnetic field. The chemical changes that appeared on the surface of the samples were investigated using Fourier transform infrared (FT-IR) spectroscopy and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy after treatment for 2 min, 4 min and 6 min in a nitrogen plasma chamber. Effects of the plasma treatment on the surface topographies and contact angles of the untreated and plasma treated films were also analyzed by atomic force microscopy (AFM) and a contact angle measuring system. The results show that the plasma treated films become more hydrophilic with an enhanced wettability due to the formation of some new polar groups on the surface of the treated films. Moreover, at higher exposure times, the total surface energy in all treated films increased while a reduction in contact angle occurred. The behavior of surface roughness in each sample was completely different at higher exposure times.
Introduction
Nowadays, polymers are increasingly being used in many industrial applications such as composites, medical and biomedical devices, and optical applications due to their unique properties such as low density, light weight, high flexibility and ability to be recycled [1∼3] . Polypropylene, polyvinyl chloride, poly (methyl methacrylate) and biaxially oriented polypropylene are the most widely used polymers in the above mentioned industries due to their specific properties including high degree of crystallinity, ease of processing, low cost as well as their availability. BOPP is a kind of propylene in which chains are oriented biaxially. It has similar properties to propylene films and is highly used in many applications [4, 5] . Although some specific polymer properties such as thermal stability, chemical inertness, low surface energy and low friction may be considered as a merit in several applications, for many uses, these properties have to be modified using chemical or physical techniques. Normally, polymer surfaces are often difficult to wet and offer poor adhesion due to their low surface energy. Therefore, surface treatment is usually required to achieve satisfactory adhesion via various methods including chemical etching, flame treatment, corona discharge, and vacuum, and low pressure plasma processes. Among these, various types of discharges and plasmas are the most beneficial in altering the topmost layers of the applied polymer in a physical and chemical manner without affecting the bulk properties [6∼11] .
Plasma is an ionized gas containing both charged and neutral particles, such as electrons, ions, atoms, molecules and radicals. Depending on the gas composition and treatment conditions, ions, electrons, fast neutrals, free radicals and UV radiation contribute to the polymer treatment, resulting in etching, activation or cross linking formation. Plasma treatment of polymer surfaces not only causes a modification during the treatment, but also leaves active spots at the surfaces, which are subjected to post reactions with the coating's functional groups [12∼14] . One of the effective factors that determine the properties of a polymer composite is the interface and the matrix-fiber junction, which is considered as a key factor in transferring tension from the matrix to fiber. The wettability, surface adhesion and surface energy will increase by using treatment methods which enhance the absorption properties of the matrix, fiber and particles, so resulting in more powerful composites [15, 16] . In addition, plasma treatment, as a clean, dry and environment-friendly physical technique, opens up a new possibility in this field. Plasma treatment can usually produce polar groups such as hydroxyl, carboxyl and amid groups at the polymer surface [17, 18] . Therefore, appropriate plasma treatment can be applied to improve the wettability of polymer surfaces. It is found that plasma treatment reduces the water contact angle of the polymer surfaces. The increase of surface energy is mainly due to the presence of hydrophilic functional groups on the polymer surfaces as a result of the plasma treatment [19] . In this paper, the effects of N 2 plasma exposure time on the chemical structure, surface free energy, contact angle, polarity and wettability of BOPP, PMMA and PVC films have been characterized using FTIR, ATR-FTIR, and contact angle measurement. Moreover, the surface roughness in all treated samples was investigated using AFM to obtain clear quantitative information on the morphological and topographical surface changes induced by plasma treatment.
Experiment

Materials and method
Commercial polymers such as BOPP, PVC and PMMA were used. Polymer samples were cut into small sheets of 2×2 cm 2 and then immersed in alcohol and placed in an ultrasonic bath for 10 min to be thoroughly cleaned and degreased. The thicknesses of the BOPP, PMMA and PVC samples were 25 µm, 180 µm and 30 µm, respectively. The prepared polymer samples were then treated in a Pyrex tube plasma chamber under a glow discharge pressure of 3×10 −3 Torr. High purity N 2 gas with a pressure of 6×10 −2 Torr was supplied through a needle valve into the chamber. The anode was grounded and the cathode was connected to a negative DC voltage of 1000 V, current of 10 mA, (so the power of 10 W). The cathode and the target plate were made of stainless steel. Samples were treated for 2 min, 4 min and 6 min in N 2 plasma chamber. The schematic view of the plasma chamber is shown in Fig. 1 . As is illustrated, the reactor is a Pyrex tube that is 12 cm long and 16 cm in diameter with two internal Al electrodes separated by a distance of 8 cm. The polymer samples were supported in an open-ended, double-walled glass tube and then placed in the middle of the chamber. 
Characterization
In order to investigate the samples' wettability, static contact angles of the treated specimens were measured employing a Krüss contact angle measuring system (G2/G40 2.05-D, Krüss GmBH, Hamburg, Germany). The measured contact angles were the average value of four measurements made on different parts of the sheets. To determine the surface energy, two different liquids (water and diiodomethane) with different values of surface energies (γ) depending on the polar and dispersive interactions of the liquids, were utilized. The surface energy results of the liquids are illustrated in Table 1 . Surface tension and the polar and dispersive parts of the surface energy were obtained by using OwensWendt methods. Calculation of the surface energy, dispersive and polar components of the polymers can be performed by using contact angle values. The treated and untreated PVC samples were characterized using an ATR-FTIR spectroscopy (Thermo Nicolet Nexus 870 spectrophotometer) while other samples were analyzed via a Thermo Nicolet Nexus 870 FT-IR spectrophotometer. The measurement conditions are as follows; mirror velocity of 0.6329, a 45 o angle of incidence, and spectral resolution of 4 cm −1 . AFM (SPM Auto probe CP atomic force microscope, Park Scientific Instruments) was also applied to investigate the roughness features of the treated and untreated samples.
3 Results and discussion 3.1 The effects of plasma treatment on wettability, contact angle, and surface energy properties
It is well known that the solid-liquid contact angle is sensitive to the chemical nature of the polymer and its morphology. Additionally, wettability of the plasma treated polymers will depend on changes in surface morphology due to the plasma etching effect and the formation of polar groups on the surface. This will also be reliant on the polar nature of the grafted polymer. Previous results have shown that the total surface energy increases significantly after plasma treatment [20] . Surface energy is a characteristic factor which affects surface properties and interfacial interactions such as adsorption, wetness and adhesion [21] . In fact, the polar component is responsible for the increase of the total surface energy, and dispersive component remains almost constant prior to and after plasma treatment. The increase in surface energy is an indication of adhesive force enhancement through the relationship between the surface energy and the adhesion [22, 23] . It is evident that the adhesive properties can be improved if the surface free energy of a polymeric substrate is raised to a higher level by any special treatment. The surface energy reaches a maximum value for a short treatment time and then levels off [24] . There are several available methods to calculate surface energy of a solid [25] . The Owens-Wendt method with an elaboration proposed by SCHULTZ [26] , including some equations employed in the calculation which are given below.
The total surface energy γ s or solid surface tension is expressed as two terms, γ d s and γ p s , called the dispersive and polar components, respectively, as shown in Eq. (1) [26] .
The non-dispersive contribution (derived from electrostatic interaction, metallic bonds, hydrogen bonding and dipole-dipole interactions) can be defined as the geometric mean of polar contributions. The results can be seen using Eq. (2) [14] where θ is the contact angle, γ lν is the surface tension of the liquid and γ sν is surface tension of the solid, or the free energy. Superscripts d and p refer to the dispersive and polar components, respectively. It can be calculated from the intercept and the slope of the expression as presented in Eq. 2.
Furthermore, surface polarity of the treated films as a function of hydrophilic groups can be defined according to the following equation [11] .
where γ p and γ p are the polar and dispersive components of the surface energy, respectively.
As mentioned before, the static contact angles of the treated specimens were evaluated by using a contact angle measuring system to investigate the wettability feature. Moreover, in order to determine the surface energies of the treated BOPP, PMMA and PVC samples, selected test liquids (analytical grade), with different values of surface energy (γ) were applied ( Table  1) .
The effects of plasma exposure time on the contact angle of the polar and non-polar liquids and the surface energy of the polar and dispersive components are presented in Table 2 . According to the obtained results, the variation rates of water contact angles on the surface were inversely proportional to the variation rates of surface energies and polarity in the BOPP, PMMA and PVC samples. The results show that plasma treatment causes a reduction in the contact angle of the polymer surfaces. It is obvious that the contact angles were decreased gradually with increasing treatment time and reached the lowest values in all applied polymers. The effects of plasma exposure time (0 min, 2 min, 4 min and 6 min) on the polar and dispersive surface energy components of the treated samples with N 2 gas are illustrated in Fig. 2 . Fig.2 Effects of plasma exposure time on the polar and dispersive components and the total surface energy of the untreated and treated films As shown in Fig. 2 and Table 2 , the polar components of the surface energy in all plasma treated samples are significantly increased, which in turn enhances the hydrophilicity of the treated films as well. However, the dispersive component in BOPP and PMMA films remains nearly constant and independent of the treatment time while a sharp decrease in the dispersive component of the PVC sample occurred at the very initial treatment times and then leveled off. The increasing of the total surface energies appeared in all three treated polymer films during the plasma exposure times of 2 min, 4 min and 6 min under N 2 gas, as shown in Fig. 2 . According to this figure, a strong increase in total surface energy of all treated samples is clearly seen after 2 min of treatment, which is especially induced by the increase of the polar component. According to Fig. 3 , a strong increase in surface polarity of the treated films is also clearly observed after 2 min treatment, contributing to the increase of its hydrophilicity. Fig.3 Surface polarity of plasma treated and untreated BOPP, PMMA and PVC films with different exposure times 3.2 The effects of plasma treatment on surface morphology, physical and chemical properties
Plasma can interact in numerous ways with polymeric surfaces. In fact, polymer materials can be chemically etched following prolonged treatment times. Polymer degradation may also occur under some exposure conditions. Moreover, physical polymer etching occurs under strong ion bombardment such as N 2 plasma treatment [27] . The new chemical reaction taking place in polymer surfaces upon plasma treatment can be thoroughly characterized via FT-IR measurements. FT-IR spectra of the untreated and treated polymers in N 2 plasma are presented in this section. There were some considerable differences between untreated and treated samples. As illustrated in Fig. 4 , some new peaks appeared in the treated BOPP films due to the nitrogen plasma treatment while the peak intensities in other chemical groups were increased. The appearance of peaks in the spectra of N 2 plasma treated surfaces is evidence of chemical changes in the polymer surfaces. According to this figure, major changes appeared in the wavenumber range of 700 cm −1 to 1500 cm −1 . In fact, the intensity of many peaks in this region is increased which is considered as evidence of some chemical reactions such as formation of C-H bonds (bending and stretching modes of alkenes) in wavenumber of 792 cm −1 and 956 cm −1 [28] .
Moreover, the peak intensities at 1375 cm −1 and 1450 cm −1 which belong to the CH 3 groups (bending mode of alkanes) were increased in the treated samples [28] . Furthermore, the increased intensity due to plasma treatment was also observed at the wavenumber of 1145 cm −1 which is related to the C-O bond [28] . This chemical bond is a polar one and is responsible for wettability enhancement in the BOPP treated film.
Since the PMMA film was colorful and thicker than other samples, ATR-FTIR spectroscopy was applied instead of FT-IR measurement for obtaining clear and concise characterization results in this regard. Therefore, Fig. 5 is dedicated to the ATR-FTIR spectra of the PMMA polymer samples before and after plasma treatment. As can be clearly observed from the reflection spectra, the peak intensities at the wavenumber of 1729 cm −1 and 1145 cm −1 (C=O and C-O bonds, respectively) were increased significantly. These chemical bonds are polar ones and are responsible for wettability enhancement. In fact, the presence of such polar groups can also increase the surface energy of the polymer. The treated and untreated PVC film was also investigated using FT-IR measurement, as shown in Fig. 6 .
However, no significant variation was observed in this case and the chemical structure remained unchanged during plasma treatment. In addition, plasma treatment has no specific effect on the chemical structure of the PVC sample after 2 min treatment. It may be concluded that the required changes may occur at longer exposure times. Surface topographic changes of BOPP, PMMA and PVC samples are investigated using atomic force microscopy (AFM), of which the results are shown in Fig. 7 for untreated and treated samples for 2 min and 6 min. In comparison with the untreated samples, plasma treatment makes the surface of the samples relatively uniform. Before treatment, there is a nodule structure on the surface whose size decreases with treatment time, while some porous area has been created on the surface after plasma treatment. These modifications in the surface morphology are thought to be mainly due to the surface bombardment by the energetic nitrogen species existing in the plasma. Obviously, all treated polymer surfaces were completely etched.
The root mean square roughness (RMS) of all treated polymers, obtained from the AFM analysis, is represented in Fig. 8 and Table 2 . For PMMA samples immersed in nitrogen plasma, RMS roughness does not change noticeably even after longer treatment times, and increases from 0.92Å to 4.34Å after 6 min, while in the case of PVC treated samples, RMS roughness increases sharply from 2.85Å to 26.8Å up to 2 min and then decreases to 18.4Å after 4 min, which is probably due to defect-enhanced surface diffusion. Moreover, RMS roughness varies between 4.20Å to 8.32Å randomly in the case of BOPP samples after 6 min treatment. One expects that the roughness change has a direct impact on the surface properties, especially on the wettability of the samples. 
Conclusion
The use of plasma is a simple and effective way to modify and improve the wettability by etching and creating polar groups on the polymer surfaces via ion bombardment using active gases. In comparison with the untreated samples, treatment on BOPP, PMMA and PVC polymer films by nitrogen plasma results in very high surface energy values. Moreover, the water contact angle in all three kinds of samples was greatly reduced with longer plasma treatment times, which means a remarkable improvement of the surface hydrophilicity of the treated samples.
According to the obtained results from FT-IR, FTIR-ATR and AFM analysis, it is found that plasma can influence and change the chemical structure and surface morphology of the treated polymers. However, according to the AFM results and the obtained RMS roughness, no significant variation in surface roughness was observed for the PMMA sample with different exposure times under N 2 gas plasma, while the largest variations occurred for the PVC sample treated for 2 min.
